Abstract -Arsenic (As)-toxicity is a major constraint for crop production. The present study was intended to examine the comparative ameliorative effects of diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) and proline (Pro) on As-stress in Glycine max L. Seeds of Glycine max L. were subjected to As (100 µM) singly, and together with DPI (10 µM), EBL (0.5 µM) or Pro (10 mM), for five days, and were then analyzed. Experimental results showed that As treatment caused a substantial fall in growth traits like germination percentage, radicle length and dry mass, which was accompanied by As accumulation. Additionally, As application also revealed reduced viability, total protein content and activities of antioxidative enzymes (superoxide dismutase, catalase and ascorbate peroxidase), while it increased the levels of total sugar, proline and oxidative stress markers such as electrolyte leakage, reactive oxygen species, lipid oxidized products, protein carbonyls and hydroperoxides, Amadori and Maillard reaction products, malondialdehyde-/4-hydroxy-2-nonenal-protein adducts, protease and proteasome. Isozymes of antioxidative enzymes were also observed to be altered considerably under As-stress. Impressively, DPI, EBL and Pro played their role as protective agents, hence caused enhanced growth and reduced As accumulation. These protective chemicals also improved the viability, accruals of total protein, total sugar and endogenous proline, and activities of antioxidants, while they reduced the levels of oxidative stress markers. Our findings demonstrated the involvement of DPI, EBL and Pro in As-stress tolerance in Glycine max L. Further, Pro appears to be superior to DPI and EBL, in alleviating As-induced responses in Glycine max L.
Introduction
Arsenic (As) is a hazardous metalloid, which ranks 20 th in the Earth's crust and is ubiquitously present in the natural environment. Its concentration above the permissible limit (10 µg L -1 , WHO) hampers the normal growth, development and overall metabolic functioning of plants, resulting in toxicity symptoms. The symptoms of As-stress in plants include reduced growth and biomass accumulation, leaf gas exchange, chlorophyll synthesis and thereby photosynthesis, nutrient supply, cellular water potential, protein turnover, and enzymic dysfunction (Chandrakar et al. 2016a) . A plant's root serves as the foremost and most susceptible site for the perception of abiotic stress responses including Astoxicity. After entering into the plant's body, As readily binds with sulfhydryl groups of both proteins and enzymes, thereby perturbing the cellular metabolism and inhibiting enzymatic activities (Farooq et al. 2015) . A well-known consequence of As-toxicity is over-production of reactive oxygen species (ROS) such as superoxide (O 2˙ˉ) , hydroxyl radical (˙OH) and hydrogen peroxide (H 2 O 2 ), affecting the oxidative condition inside the plants (Siddiqui et al. 2015 , Chandrakar et al. 2016b ). This over-produced ROS are largely shown to attack cellular macromolecules such as lipids, proteins, nucleic acids, etc. (Chandrakar et al. 2017a) .
The polyunsaturated fatty acid (PUFA) fractions of membrane lipids are the prime targets of ROS attack (Chandrakar et al. 2016b ). Accruals of malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE), chief products and biomarkers of lipid peroxidation reaction in stressed cells, are linked directly with the disturbed integrity or leakiness of the membranes (Yadu et al. 2016) . Accumulation of ROS has also been shown to cause reduced fluidity of cellular membranes and thereby increased leakage of electrolytes, damage to membrane proteins, loss of tissue viability and inactivation of both enzymes and receptors of it (Kaur et al. 2012 ). Exposure to ROS is shown to modify the structure of proteins, oxidation of side chain groups, cross-linking, generation of new reactive groups and fragmentation of backbone (Chandrakar et al. 2016b) . Moreover, direct oxidation of a number of amino acids, particularly His, Lys, Arg, Pro and Thr, gives rise to protein carbonyls (PCO), which are quite susceptible to proteolysis (Parkhey et al. 2014a ). In addition, protein hydroperoxides (PrOOHs), the most abundant and reactive molecules, are also produced as a derivative of ROS-mediated oxidation of proteins, and are shown to contribute to PCO turnover (Mallick et al. 2013) . Moreover, in stressed cells, proteins are also shown to combine readily with lipid peroxidized products such as malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE), thus forming cytotoxic compounds MDA-/HNE-protein adducts, which are genotoxic in nature and are resistant to proteases (Parkhey et al. 2014a , Chandrakar et al. 2017b . Proteasomes are shown to be involved actively in elimination of degraded, aggregated and/ or misfolded proteins (Karmous et al. 2014) . In addition to oxidation, proteins also undergo non-enzymatic modification following Amadori and Maillard reaction pathways (Murthy and Sun 2000) . In the Amadori reaction, reducing sugars attack on amino groups of proteins, while the Maillard reaction involves subsequent interactions and/ or rearrangements of Amadori products to form brown colored polymeric cytotoxic products (Murthy and Sun 2000) . These glycated products lead to alterations in metabolic processes, damage to DNA, failure of repairing system and loss of enzymatic function as well, consequently, of loss of cell viability (Parkhey et al. 2014a) . Literature pertaining to glycation of protein in any of the plant species subjected to heavy metal/ metalloid stress is absolutely lacking. Therefore, the biochemical mechanisms governing As-induced protein metabolism need to be elucidated empirically. Fortunately, plants have an intricate and impressive array of ROS processing systems comprising superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), etc., which often impart abiotic stress tolerance to plants (Nikolic et al. 2014 ). However, this defensive system is often insufficient to withstand severe stress conditions. Hence, efforts have been invested in finding exogenous additives to counter ROS-induced injury symptoms and enhance stress tolerance in plants and their parts.
Diphenyleneiodonium (DPI) is one of the potential ROS scavengers in plants, providing tolerance against drought-induced oxidative condition (Jiang and Zhang 2002 ). It lessens the ROS level by inhibiting NADPH oxidase and nitric oxide synthase, enzymes of O 2˙ˉ biosynthetic pathway (Ye et al. 2012) . Although, having the potential to scavenge ROS, exogenous application of DPI against any metal/ metalloidinduced stresses, still remains to be revealed completely in plants. Thence, exogenous use of DPI to compensate for Asinduced injuries in plants is a matter of scientific interest. Therefore, DPI was used in the current study to provide tolerance against oxidative stress by lowering the accumulation of As-induced ROS in Glycine max L. Similarly, 24-epibrassinolide (EBL) has been shown to regulate various metabolic processes such as seed germination, cell division and elongation, ions uptake, membrane integrity, nucleic acid and protein syntheses, photosynthesis, etc. in plants (Fariduddin et al. 2015) . Exogenous addition of EBL enhances antioxidant enzyme expression, thus protecting the plants from oxidative injury. 24-epibrassinolide is well known for the synthesis of phytochelatins, a short polypeptide that binds to metals/ metalloids and sequesters them inside the cell. Studies have confirmed the efficacy of EBL in increasing plant tolerance to a number of abiotic stresses such as Mn-toxicity (Fariduddin et al. 2015) , chilling stress (Wu et al. 2015) , etc., but its role in As-toxicity conditions remains to be resolved fully. Further, under abiotic stress conditions, plants mostly accumulate osmolytes such as proline (Pro), which serves as osmoprotectant, membrane plasticizer and direct scavenger of free radicals (Yadu et al. 2016) . Additionally, it also acts as a momentary source of both carbon and nitrogen that helps in the recovery of plants in stressful conditions. It also prevents enzymes from denaturation caused under stressful conditions, hence can be used against As, which readily binds with sulfhydryl groups and inactivates enzymes and proteins. Thus, Pro may play an imperative role in enhancing plant stress tolerance to various abiotic stresses (Hayat et al. 2012 , Agami 2014 .
Our previous study has shown that oxidative stress is a major component in the expression of As-toxicity in Glycine max L. (Chandrakar et al. 2016a) . Therefore, in order to explore the possibility of whether the ROS scavengers viz DPI, EBL or Pro, could be used to alleviate As-induced oxidative injury, the present study was aimed at examining the comparative effects of DPI, EBL and Pro on growth and development, As accumulation, tissue viability, oxidative stress markers (electrolyte leakage, ROS, MDA, HNE, endogenous Pro and total sugar), total protein and its oxidized products (PCO, PrOOH, Amadori and Maillard reaction products and MDA-/HNE-protein adducts), activities of protease and proteasome, and responses of antioxidant enzymes in Asstressed Glycine max L.
Materials and methods

Seed collection, treatments and germination assessment
Fresh seeds of Glycine max L. were collected from the farmers of Kabirdham (N22°01', E81°23', 353 MSL) , 110 km to the south of Raipur. Healthy seeds were sorted out and stored in plastic trays in laboratory conditions (26±2 °C, relative humidity 52±2%) for experimental usage. Assorted seeds were surface sterilized applying 1% (v/v) sodium hypochlorite solution for 5 min and then washed thoroughly (5 times) with MilliQ water (MW) (Millipore, Gradient A-10, USA). Subsequently, seeds (n=80) were kept for germination on sterile boxes (30×15×15 cm) and over filter paper towels soaked with 100 µM of As (NaAsO 2 was used as source). In addition, the same number of seeds were also germinated over paper towels moistened with DPI (10 µM), EBL (0.5 µM) and Pro (10 mM) separately, and in their combination with As (100 µM). The dose of As chosen was the concentration at which Glycine max L. seeds revealed toxicity symptoms in the form of 26% germination only. Moreover, the doses of DPI, EBL and Pro selected were those in which 58%, 70% and 78% respectively germination percentage against As-stress (100 µM) in Glycine max L. were noted. All the seeds were allowed to grow in darkness at 26±2 °C, for 5 days. The solution (10 mL each) was supplied to the growing seeds after every 24 h until day 5. All the analyses were performed in five replicates, and repeated twice. Only seeds having radicles 5 mm long were considered germinated, and were scored (%) on fifth day of incubation.
Radicle length and biomass
To assess change in length (RL) and dry mass (DM), the radicles were removed precisely from the seeds, blotted gently over a filter paper, and changes in length and DM were monitored (Chandrakar et al. 2016a ).
Estimation of As content
To determine As content, shade dried tissues (100 mg) were digested in a mixture of conc. HNO 3 , H 2 O 2 and H 2 O (3/2/10, v/v/v) at 80 °C, until a clear solution was obtained, and made up to 15 mL with MW (Chandrakar et al. 2016a ). Arsenic content was determined using an atomic absorption spectrometer coupled to a hydride generation system (Agilent, AA240, USA). The standard reference materials of metals (1.19773.0500, Merck, Darmstadt, Germany) were used for calibration and quality assurance for analysis.
Reactive oxygen species
For O 2 •ˉ estimation, 0.2 g radicles were homogenized with cold (4 °C) sodium phosphate buffer (0.2 M, pH 7.2) comprising diethyldithiocarbamate (10 -3 M) to inhibit active SOD (Sangeetha et al. 1990 ). The homogenate was centrifuged (10000 rpm, 10 min, 4 °C) and in the collected supernatant, O 2
•ˉ was estimated by its capacity to reduce nitro blue tetrazolium (NBT, 2.5 × 10 -4 M) at 540 nm using an UV-Vis spectrophotometer (Lambda-25, Perkin Elmer, USA), and expressed as µmol O 2
•ˉ min -1 g -1 fresh mass (FM).
To measure
• OH, radicles (0.2 g) were homogenized in 2 mL of phosphate buffer (10 mM, pH 7.4) consisting of 15 mM 2-deoxyribose and incubated at 37 °C for 2 h. After centrifugation (12000 rpm, 15 min), 0.7 mL of supernatant was mixed with 3 mL of 0.5% (w/v) thiobarbituric acid (TBA, prepared in 5 mM NaOH) and 1 mL of glacial acetic acid (Kaur et al. 2012 ). This reaction mixture was heated at 100 °C for 30 min and then cooled immediately (4 °C, 10 min).
Absorbance was recorded at 532 nm and corrected for nonspecific absorbance at 600 nm. Content of OH was calculated using an extinction coefficient of 0.155 mol -1 cm -1 and expressed as nmol g -1 FM.
To assess H 2 O 2 content, 0.2 g of radicles were extracted with 2 mL of 0.1% (w/v) trichloroacetic acid (TCA) and centrifuged at 12000 rpm for 15 min (Velikova et al. 2000) . In an aliquot (0.75 mL) of supernatant, equal volumes of both phosphate buffer (10 mM, pH 7) and potassium iodide (1 M) were added and absorbance of the sample was read at 390 nm. Content of H 2 O 2 was calculated using an extinction coefficient 0.28 µmol -1 cm -1 and was expressed as µmol g -1 FM.
Viability assessment
Ten randomly selected radicles were immersed in the 0.5% (w/v) 2,3,5-triphenyl tetrazolium chloride (TTC) solution, and incubated in the dark for 24 h at room temperature (Lakon 1949) . Afterwards, seedlings were homogenized in 2 mL of ethanol and centrifuged (5000 rpm, 10 min). In the collected supernatant, reduced TTC was assayed at 520 nm using ethanol as blank, and values were expressed as A 520 g -1 FM.
Leakage of electrolytes
Rate of electrolyte leakage was measured following the protocol of Blum and Ebercon (1981) . 0.2 g of radicles was immersed in 20 mL of MW and kept on an orbital shaker (50 rpm, 24 h). Thereafter, electrical conductance of the solution was measured (C 0 ) using a EC-TDS analyzer (CM-183, Elico, India). Then, the radicles were boiled for 20 min and electrical conductance was once again determined (C 1 ). Results were expressed as percentages of electrolyte leakage = C 0 / C 1 × 100.
Lipid peroxidized products
For the estimation of MDA, 0.1 g radicles was crushed with 20% (w/v) TCA consisting 0.5% (w/v) TBA (Velikova et al. 2000) . Homogenate was boiled for 30 min, cooled and centrifuged (11000 rpm, 10 min). Absorbance of the supernatant was recorded at 532 nm and MDA was estimated following the extinction coefficient of 157 mmol -1 cm -1
. Data was expressed as nmol g -1 FM. To monitor HNE, 0.1 g radicles was homogenized in borate buffer (0.2 M, pH 7.4) and TCA (10%, w/v). The homogenate was centrifuged (11000 rpm, 20 min, 4 °C), and the supernatant was mixed with 2,4-dinitrophenylhydrazine (DNPH, 1%, w/v) prepared in HCl (0.5 M), and incubated at room temperature for 2 h. It was then extracted with hexane, and dried under liquid nitrogen. Residue was dissolved in methanol and absorbance was recorded at 350 nm (Ray et al. 2007 ). An extinction coefficient of 13750 mol -1 cm -1 was used to calculate HNE content and data was expressed as mmol g -1 FM.
Protein extraction and quantification
0.2 g radicles were extracted with 2 mL of 10 mM phosphate buffer (pH 7.2) containing 1 mM EDTA, 2 mM dithiothreitol and 0.2% (v/v) Triton X-100, and centrifuged (1000 rpm, 20 min, 4 °C). Supernatant thus obtained was used for estimations of protein content and antioxidant enzymes. Protein content was assessed following Bradford (1976) . Bo-vine serum albumin was used to prepare a standard curve. Content of protein was expressed as mg g -1 FM.
Estimation of protein carbonyl
Carbonyl groups were monitored, following their reactivity with DNPH to form hydrazones (Levine et al. 1994 ). The extracted protein (500 µL) was incubated with 200 µL each of 0.03% (v/v) Triton X-100 and 1% (w/v) streptomycin sulphate for 20 min. After centrifugation (11000 rpm, 10 min, 4 ºC), supernatants were mixed with 10 mM DNPH, prepared in 2 M HCl. The blank was incubated with 2 M HCl only. After 1 h of incubation, proteins were precipitated with 10% (w/v) TCA. The pellets were finally dissolved in 6 M guanidine hydrochloride, prepared in 20 mM potassium phosphate buffer (pH 2.3), and absorbance was recorded at 370 nm. Content of PCO was calculated using extinction coefficient 22000 mol -1 cm -1 and values were expressed in terms of mol mg -1 protein.
Determination of protein hydroperoxide
To measure PrOOH content, isolated protein was initially dissolved in 25 mM sulphuric acid. To it, 5 mM each of ferrous ammonium sulphate, and xylenol orange prepared in 25 mM sulphuric acid were added. This mixture was incubated for 1 h in the dark, and then centrifuged (12000 rpm, 20 min) (Gay et al. 1999) . Absorbance of the supernatant was recorded at 560 nm, and content of PrOOH was calculated using the extinction coefficient of 35.5 mmol -1 cm -1
. Amount of PrOOH was referred as mmol mg -1 protein.
Measurements of MDA-/HNE-protein adducts
An isolated protein pellet (5 mg mL -1
) was re-dissolved in sodium phosphate buffer (0.2 M, pH 7.4). Fluorescence for MDA-protein adducts (395 nm excitation/460 nm emission) and HNE-protein adducts (356 nm excitation/460 nm emission) was determined using a fluorescence spectrophotometer (LS-45, Perkin Elmer, USA) (Chairpotto et al. 1997 ). Values were expressed as unit fluorescence mg -1 protein.
Monitoring of total sugar
For total sugar estimation, 0.2 g radicles were extracted with sodium phosphate buffer (50 mM, pH 7.2) and centrifuged (12000 rpm, 15 min, 4 °C) (Spiro 1966) . The supernatant thus obtained was mixed with anthrone (0.2%, w/v), and allowed to stand for 10 min in a water bath (100 °C). The sample was cooled and the absorbance was read at 620 nm, and denoted as mg g -1 FM.
Determinations of Amadori and Maillard reaction products
Radicles (0.2 g) were macerated with sodium phosphate buffer (50 mM, pH 7.2), consisting of 10% (w/v) streptomycin sulphate, dissolved in 50 mM HEPES buffer (pH 7.2) (Murthy and Sun 2000) . The homogenate was centrifuged (11000 rpm, 15 min) and streptomycin sulphate (200 µL) was once again added to it and then re-centrifuged. Thereafter, proteins were precipitated with ammonium sulphate (0.55 g mL -1 ) and were re-dissolved in sodium phosphate buffer (50 mM, pH 7.2). It was then used for Amadori and Maillard reaction products measurement. To measure the Amadori reaction product, the isolated protein was mixed with NBT (0.5 mM in 100 mM sodium carbonate, pH 10.3) and incubated in a water bath (40 °C). Absorbance was recorded at 550 nm, after 10 and 20 min of incubation. Absorbance (∆OD) value was considered as the measure of the Amadori reaction product. To monitor the Maillard reaction product, isolated proteins were scanned at excitation wavelength 375 nm and emission wavelength 440 nm. Content was denoted in terms of protein fluorescence.
Assay of protease
For protease assay, 0.2 g radicles was homogenized with borate buffer (0.2 M, pH 7.4) and centrifuged (11000 rpm, 15 min). The supernatant was acetone-precipitated and resuspended in sodium phosphate buffer (0.02 M, pH 6.4), and 1 mL of it was incubated with an equal volume of casein (1%, w/v) at 37 °C for 3 h (Merheb et al. 2007 ). Then, 10% (w/v) TCA was added to it to terminate the reaction, which was allowed to stand for 30 min. The mixture was centrifuged at 11000 rpm for 10 min, and the collected supernatant was mixed with Folin Ciocalteu reagent (1 N) and sodium hydroxide (0.2 N), and incubated for 30 min. Absorbance was read at 570 nm, and activity was referred as units g -1 protein.
Estimation of proteasome activity
For proteasome assay, 0.2 g radicles was extracted with potassium phosphate buffer (50 mM pH 7) comprising 2 mM MgCl 2 , 5% (v/v) glycerol, 5 mM 2-mercaptoethanol and 10 mM ATP, and then centrifuged (11000 rpm, 15 min, 4 °C) (Yang et al. 2004) . Supernatant obtained was incubated with 50 M succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (Suc-LLVY-AMC) prepared in potassium phosphate buffer (80 mM, pH 7.0), at 37 °C for 20 min. Then, sodium acetate buffer (80 mM, pH 4.3) was added to it, to inhibit the reaction. The AMC released was measured at 380 nm excitation and 440 nm emission and expressed in terms of units mg -1 protein.
Assay of antioxidant enzymes
The SOD (EC 1.15.1.1) was assayed by monitoring percent inhibition of pyrogallol auto-oxidation by the enzyme at 420 nm (Marklund and Marklund 1974) . 2.74 mL of TrisHCl buffer (50 mM, pH 8.2) comprising diethylenetriaminepentaacetic acid and EDTA, 1 mM of each, was mixed with 0.2 mL of extracted enzyme. To initiate the reaction, 60 µL of pyrogallol (0.2 mM prepared in 10 mM HCl) was added to it, and change in absorbance was read at 420 nm. Activity of SOD was denoted as units min -1 mg -1 protein. To monitor CAT (EC 1.11.1.6) activity, decomposition of H 2 O 2 was measured by recording the fall in absorbance at 240 nm (Chance and Maehly 1955) . In a test tube, 2.74 mL of potassium phosphate buffer (37.5 mM, pH 6.8) and 60 µL of enzyme were taken, and then a reaction was triggered by adding 200 µL of H 2 O 2 (60 mM). The change in absorbance was recorded for 5 min at an interval of 15 sec. Its activity was calculated using an extinction coefficient of 0.039 mol -1 cm -1 and denoted as nmol min -1 mg -1 protein. APX (EC 1.11.1.11) was estimated by monitoring the rate of ascorbate oxidation at 290 nm (Nakano and Asada 1981) . In a test tube, 2.3 mL of 0.025 M potassium phosphate buffer (pH 7.0), 500 µL of 0.0025 M ascorbic acid, 190 µL of 0.001 M EDTA and 10 µL of enzyme extract were added. Just after the addition of 10 µL of 0.1 M H 2 O 2 into the assay mixture, initial absorbance, and after 20 min of incubation, final absorbance was measured, at 290 nm. APX activity was derived using extinction coefficient of 0.0028 mol -1 cm -1 and expressed as mmol min -1 mg -1 protein.
Isozyme analysis
Electrophoretic analyses of SOD, CAT and APX were performed on native-polyacrylamide gels (10%) using Trisglycine buffer (5 mM, pH 8.3) (in case of APX, running buffer consists of 4 mM ascorbate), at 4 °C for 2 h with a constant current of 20 mA, using Mini-Protean tetra cell (BioRad, USA) (Chandrakar et al. 2016a) . After a complete run, gels were imaged and analyzed using a Gel-Doc system (BioRad, USA).
To visualize the SOD, gels were incubated in the dark for 20 min in the 2.45 mM NBT solution, and were then immersed in dipotassium hydrogen phosphate (36 mM, pH 7.8) comprising riboflavin and TEMED, 28 µM of each, until the gel turned blue except the region showing SOD activity (Chandrakar et al. 2016a ). To stain CAT isozymes, the gels were incubated in 0.03% (v/v) H 2 O 2 solution for 10 min. The gels were rinsed quickly in MW and stained in a solution consisting 1% (w/v) each of potassium ferric chloride and ferricyanide. Soon after the green color appeared, the gels were washed with MW. Similarly, to detect APX, the gels were equilibrated with sodium phosphate buffer (50 mM, pH 7) and ascorbate (2 mM) for 30 min. Then, the gels were incubated with sodium phosphate buffer (50 mM, pH 7) comprising 4 mM of each of ascorbate and H 2 O 2 for 20 min. Finally, the gels were rinsed twice with 50 mM sodium phosphate buffer (pH 7) and stained in sodium phosphate buffer (50 mM, pH 7.8) consisting TEMED (28 mM) and NBT (2.45 mM). The reaction was continued for 10-15 min and stopped by a brief wash with MW.
Proline content
To measure proline, 0.5 g radicles was extracted with 10 mL of sulfo-salicylic acid (3%, w/v) and centrifuged (6000 rpm, 15 min) (Bates et al. 1973 ). The supernatant (2 mL) was mixed with 2 mL each of ninhydrin reagent and glacial acetic acid. The mixture was incubated at 100 °C for 60 min, and cooled at room temperature. Then, 4 mL toluene was added and the chromophore containing toluene was aspirated out and its absorbance was recorded at 520 nm taking toluene as a blank. Its amount was expressed as mg g -1 FM.
Statistical analysis
All the investigations were performed twice with five separate replications. The data obtained were subjected to oneway ANOVA, and the mean differences were compared by Duncun's multiple range tests using SPSS software (Ver. 16.0).
Results
The results demonstrated that the tested growth traits were significantly decreased (germination: 74%, radicle length: 86%, DM: 83%) with As addition in Glycine max L., as compared to control, indicating a negative relationship between growth attributes and As (Tab. 1). However, the addition of DPI, EBL or Pro with As favored the growth traits by reducing (up to 86%) the inhibitory impacts of stress in Glycine max L. (Tab. 1). Accumulated data revealed the growth-promoting nature of potential compounds. Additionally, amongst the tested treatments, Pro was found to be more effective in As-stress amelioration than DPI and EBL.
Radicles of Glycine max L. subjected to As (100 µM) for five days accrued 31.97 µg As g −1 DM (Tab. 1). On the other hand, As accumulation in the radicles of Glycine max L. grown in DPI-, EBL-or Pro-amended As-solution measured Tab. 1. Comparative effects of diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) and proline (Pro) in alleviation of arsenic (As)-induced changes in germination percentage, radicle length, dry mass, arsenic content, electrolytes leakage and tissue viability in Glycine max L. Values presented are mean ± SE of ten (for physiological parameters) or five (viability and arsenic content) different observations. Different letters indicate significant difference among treatments at P < 0.05. However, exogenous application of DPI, EBL and Pro, separately, with As significantly lowered the amounts of ROS (Tab. 2). Gathered data suggested that Pro played a more prominent role than DPI and EBL in countering the deleterious impacts of As in Glycine max L.
A remarkable fall in the tetrazolium staining capacity/ viability of Glycine max L. exposed to As for five days was observed, as compared to control, revealing an inverse association between the two (Tab. 1). However, exogenous application of DPI, EBL and Pro, separately, with As was seen to maintain tissue viability to some extent (77-82%), as compared to As-alone treated samples. However, Pro performed better than DPI and EBL in the amelioration of As-induced loss in tissue viability.
Compared to control, a significantly high rate of electrolyte leakage from radicles of Glycine max L. subjected to As for five days was discernible (Tab. 1). In contrast, exogenous addition of DPI, EBL or Pro with As resulted in statistically lower, 721, 737 and 753% respectively, release of electrolytes. However, Pro was found to maintain membrane integrity better and in consequence allow lower leakage than DPI and EBL.
Arsenic-induced peroxidation of membrane lipid was measured in terms of both MDA and HNE, and found to be increased by 2674 and 2272% respectively as compared to controls (Tab. 2). However, in DPI-, EBL-and Pro-supplied As-subjected radicles, significantly low levels of MDA and HNE were measured (Tab. 2). In general, Pro exhibited a leading role in prevention of As-prompted lipid peroxidation in Glycine max L., greater than that of DPI and EBL.
Exposure of Glycine max L. to As for five days manifested a massive loss (91%) in protein turnover, as compared to control. However, a considerably greater amount of it was measured in those subjected to As-solution amended with DPI, EBL or Pro (Tab. 2). The results suggested that Pro served as more effective treatment in compensation of protein level, than the DPI and EBL.
Activity measurements of both protease and proteasome in As-grown Glycine max L. revealed increases of 1390 and 204%, respectively, as compared to their controls (Tab. 3). However, activities of both the enzymes were significantly less (protease: 994-1088%, proteasome: 104-152%) in those treated with DPI, EBL or Pro amended As solution, for five days. Moreover, Pro was seen to allow lower activities of these two enzymes than DPI and EBL in As-stressed Glycine max L.
Arsenic-impelled oxidation of protein was measured in terms of PCO, PrOOH and MDA-/HNE-protein adducts, which were found to be raised considerably i.e. 381%, 200%, 204% and 34% respectively, in As-treated five-day-old radicles as compared to control (Tabs. 3 and 4). In contrast, fewer accruals of these products were discernible in those samples grown in As solution amended with DPI, EBL or Pro (Tabs. 3 and 4). In general, Pro exhibited a leading role in the prevention of As-prompted protein oxidation in Glycine max L., more so than DPI and EBL.
Arsenic application manifested enhanced accumulation of both Pro (561%) and total sugar (277%) in Glycine max L., as compared to control (Tab. 3). The results witnessed that exogenous addition of DPI, EBL or Pro with As, caused further improvements in their accumulations. Maximum of both Pro (2.86 mg g -1 FM) and total sugar (15.74 mg g -1 FM) were measured in Pro-supplied As-grown radicles, proving it a better preventer of As-injury than DPI or EBL (Tab. 3).
Approximately 89 and 37% more accumulations of both Amadori and Maillard reaction products were registered in the As-grown radicles than in the control (Tab. 4). However, their levels were comparatively less in those samples subjected Tab. 2. Variations in the levels of superoxide anion, hydroxyl radical, hydrogen peroxide, malondialdehyde and 4-hydroxy-2-nonenal in Glycine max L. exposed to arsenic (As) alone or in combination with diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) or proline (Pro). Given values are mean ± SE of five separate observations. Different letters indicate significant difference at P < 0.05. to DPI-, EBL-or Pro-supplied As solutions. In this study, Pro exhibited a leading role in compensating As-prompted protein glycation in Glycine max L., more so than DPI and EBL. Treatment of As significantly decreased the activities of SOD (48%), CAT (75%) and APX (69%) in the five-day-old radicles, but exogenous addition of DPI, EBL or Pro alleviated this decline by up to 67%, under As-stress (Figs. 1-3) . However, activities of these were higher (63, 51 and 36% respectively) in Pro added As-subjected radicles, than the DPI or EBL added As-grown (Figs. 1-3) .
Isozyme analysis of SOD unveiled a total of six isoforms in response to As and/ or DPI, EBL and Pro. Exposure to As revealed only one band but isozymes-II-IV were restored when DPI, EBL or Pro was added with As ( Fig. 1) . Additionally, intensities of isoforms-II-IV were higher in presence of Pro as compared to that of the DPI and EBL.
In gel activity analysis of CAT in Glycine max L. unveiled presence of at least three isoforms in control, DPI, EBL or Pro-treated samples (Fig. 2) . On the other hand, reductions in both intensities and number of bands were observed in As-treated samples (Fig. 2) . Band intensity was higher in Pro-supplied As-grown samples than in DPI-or EBL added As-subjected samples.
Staining of APX identified four isoforms of it in As and/ or DPI-, EBL-and Pro-subjected samples (Fig. 3) . Out of these, isoform-I is common in all the treatments. AdditionTab. 3. Levels of proteins, protein hydroperoxides, protease, proteasome, sugar and proline in Glycine max L. exposed to arsenic (As) alone or in combination with diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) or proline (Pro). Data presented are mean ± SE of five individual replicates. Different letters indicate significant difference among treatments at P < 0.05. Tab. 4. Amendments in the levels of Amadori and Maillard reaction products, protein carbonyls and malondialdehyde (MDA)-/ 4-hydroxy-2-nonenal (HNE)-protein adducts in Glycine max L. subjected to arsenic (As) alone or in combination with diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) or proline (Pro) for five days. Observations are mean ± SE of five independent replications. Different letters indicate significant difference among treatments at P < 0.05.
Amadori products (∆OD)
Maillard products (protein fluorescence) Fig. 1. Spectrophotometric activity (upper part) and isoenzymic pattern (lower part) of superoxide dismutase in Glycine max L. grown in various experimental solutions of arsenic (As), diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) or proline (Pro) for five days. Bars presented in the graphs are mean ± SE of five separate observations. Different letters indicate significant differences among treatments at P < 0.05.
Discussion
Arsenic is a non-essential metalloid, ubiquitously present in the natural environment. The presence of it in the soil above the permissible limit adversely affects plant growth, development and productivity. A recent report of ours revealed that As-treatment leads to oxidative stress in Glycine max L. (Chandrakar et al. 2016a) . However, the current study was aimedat evaluating the comparative efficacy of DPI, EBL and Pro in the amelioration of As-promoted oxidative injuries in Glycine max L. The results showed that the exogenous application of DPI, EBL and Pro enabled Glycine max L. to cope with As-induced oxidative stress, although in differing rates, consequentially improved growth traits (germination percentage, RL and DM), viability, levels of protein, sugar, Pro and antioxidant enzymes, and reduced electrolyte leakage, ROS, MDA, HNE, PCO, PrOOH, Amadori and Maillard reaction products, MDA-/ HNE-protein adducts, and activities of both protease and proteasome. However, Pro was found to be more effective than DPI and EBL in improving As-stress tolerance in Glycine max L.
Experimental results proved that Glycine max L. subjected to As for five days exhibited considerable reductions in germination percentage (74%), RL (86%) and DM (83%), as compared to controls (Tab. 1). This reduced germination and inhibited growth in response to As might be related with the lower mitotic activity that decreased the rate of cell division, expansion and elongation of newly formed cells (Chandrakar et al. 2016a) . Additionally, inside the cell, As causes disruption in the cellular energy flow by replacing the phosphate of the ATP molecule. Hence, reduced germination and growth responses are possibly due to the detrimental effects of As on the cellular functioning of the plants, where most of the available energy is consumed in the formation of stresslinked essentials like phytochelatins, anti-oxides, etc. (Farooq et al. 2015) . Similarly, reduced DM is possibly an outcome of As-promoted increase in membrane permeability and thereby loss of electrolytes and other important constituents of the cell, essentially required for growth and development processes. These results are consistent with the findings of Anjum et al. (2016) and Begum et al. (2016) in As-exposed Zea mays L. and Oryza sativa L. respectively. However, exogenous addition of DPI, EBL or Pro, particularly Pro, with As, remarkably improved the growth traits of Glycine max L., probably by protecting the structures of plasma membranes and cell walls, under stress conditions. DPI, EBL and Pro are have been recorded in publications as enhancing seed germination and root/ shoot growth in different plants under various abiotic stresses (Hayat et al. 2012 , Ye et al. 2012 , Agami 2014 , Chandrakar et al. 2017a . Inhibited growth responses coincided well with enhanced accumulation of As in the Glycine max L. radicles. Accrual of As inside the cells might be the result of damaged cell membranes, alterations in the cell wall structures and/ or rapid influx of it through transporters of the exposed cells (Singh et al. 2015) . A similar result was recently recorded by Chandrakar et al. (2017b) . On the other hand, exogenous application of DPI, EBL or Pro with Fig. 2 . Activity of catalase, spectrophotometric assay (upper part) and isoenzymic pattern (lower part) of Glycine max L. exposed to various treatments of arsenic (As), diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) or proline (Pro). Each bar is mean ± SE of five distinct observations. Different letters indicate significant differences at P < 0.05. Fig. 3 . Quantitative estimation (upper part) and isoenzymic pattern (lower part) of ascorbate peroxidase in Glycine max L. subjected to different experimental solutions of arsenic (As), diphenyleneiodonium (DPI), 24-epibrassinolide (EBL) or proline (Pro). Each bar is mean ± SE of five distinct observations. Different letters indicate significant differences at P < 0.05. ally, two new isoforms (II and III) were induced exclusively in samples treated with EBL and Pro only. More bands appeared in Pro + As-treated samples than in the DPI-or EBLamended As-grown samples.
As revealed lesser accumulation of As, possibly by preventing entry of it via the maintenance of the structures of the plasma membranes and cell walls and the modification of As-transporters. Inside the cell, As readily binds with sulfhydryl groups of both proteins and enzymes, consequently inhibiting cellular metabolism, which finally results in cell death (Farooq et al. 2015) . Results of TTC test revealed a notable fall in the vitality of As-stressed Glycine max L. tissue, which was in agreement with the report of Kaur et al. (2012) in Phaseolus aureus L. On the other hand, in protective treatments, exogenous DPI, EBL or Pro, more precisely Pro, maintained the vitality of Glycine max L. radicles, up to a large extent, even under As-stress. DPI, EBL and Pro decreased As accrual, which resulted in a better antioxidant system, hence lesser oxidative stress and increased viability. This condition might help Glycine max L. to survive under As-stress. Exogenous EBL and Pro were shown to increase the viability of the roots in Lycopersicon esculentum Mill. and Cicer arietinum L. exposed to extreme heat (Kaushal et al. 2011 , Khan et al. 2014 .
Exposure to As raised accumulation of all the three ROS (O 2˙ˉ: 1340%, ˙OH: 239%, H 2 O 2 : 244%) in Glycine max L., and was accompanied with an enhanced rate of electrolyte leakage (Tab. 1). In regard, Singh et al. (2015) demonstrated that interaction between As and intracellular components may result in overproduction of ROS in stressed cells. Further, being an oxidizing agent, ROS disturbs membrane integrity drastically, consequentially enhancing the leakage of cellular constituents. A similar change in free radical generation and related electrolyte leakage under As-stress has been observed in Oryza sativa L. (Begum et al. 2016) and Zea mays L. (Anjum et al. 2016) . The results of the present study indicate that the As-induced oxidative damage in Glycine max L. was compensated for remarkably by exogenous DPI, EBL or Pro, by limiting ROS production and electrolyte release. It has been suggested that DPI directly scavenges ROS or decelerates the ROS generation process via inhibiting O 2˙ˉ synthase enzyme (Ye et al. 2012) . Similarly, EBL and Pro provide tolerance to oxidative stress either by accumulating endogenous osmolytes or activating antioxidant defense mechanism or both in the stressed tissues (Agami 2014 , Shu et al. 2015 . In this manner, DPI, EBL and Pro, particularly Pro, lower the ROS in As-stressed tissues. This is in accordance with the reports of Ye et al. (2012) , Shu et al. (2015) , Singh et al. (2015) and Chandrakar et al. (2017a) under different abiotic stresses. Arsenic-impelled alterations in lipid moieties of Glycine max L. were analyzed by measuring contents of both MDA and HNE. Accumulated data showed that the contents of MDA and HNE, the chief indicators in the monitorin gof oxidative injury, rose considerably in the As-exposed Glycine max L. (Tab. 2), which might be attributed to the enhanced accumulation of ROS, known to cause membrane lipid oxidation (Parkhey et al. 2014b) . Increased MDA was also measured in As-exposed Oryza tenuiflorum L. and Zea mays L. by Siddiqui et al. (2015) and Anjum et al. (2016) respectively. The detrimental impacts of As in Glycine max L., however, was attenuated substantially after the addition of DPI, EBL or Pro; moreover, among the three treatments, Pro was recognized to be the most effective against As-stress. Since Pro acts as a free radical scavenger and membrane stabilizer, it protects the lipid fractions from being oxidized, and thereby there is less accumulation of lipid peroxidized products (Siddiqui et al. 2015 , Chandrakar et al. 2017b ). Arsenic-prompted increase in ROS accumulation led oxidation of proteins and was analyzed by measuring protein and its oxidized products (PCO and PrOOH)/ aldehydic adducts (MDA-and HNE-protein adducts). The results revealed that on exposure to As, there was a fall in protein content with concomitant increase in both PCO and PrOOH, compared to the control. Decreased protein with increased PCO was recently reported in As-exposed seedlings of Zea mays L. by Mallick et al. (2013) . However, there is nothing in the literature concerning the measurement of PrOOH, and MDA-and HNE-protein adducts in response to any metal/metalloid-toxicity in plants. The detrimental impacts of As in Glycine max L. were attenuated substantially after the exogenous addition of DPI, EBL and Pro, hence protein content was increased substantially and the levels of PCO, PrOOH, and MDA-and HNE-protein adducts were lowered (Tabs. 3 and 4). However, Pro was recognized to be more effective than DPI and EBL against As-stress; it is well known to stabilize protein structures and conformations (Wu et al. 2015) . Similarly, a massive rise in both Amadori and Maillard reaction products was observed in As-subjected Glycine max L. In this regard, Mostofa (2015) demonstrated that increased accumulation of glycation end products led to oxidative injury in Oryza sativa L. upon Cd exposure. However, treatment with DPI, EBL or Pro decreased these products to a certain degree, and proved their potentialities in As-stress alleviation (Tab. 4). These compounds decrease ROS accumulation and stabilize protein structure, and thereby enhances As-stress resistance in Glycine max L.
Compatible osmolytes such as Pro, sugar, etc., regulate the osmotic potential of cells exposed to abiotic stresses (Yadu et al. 2016 , Chandrakar et al. 2017a ). The results revealed that in response to As, accumulation of endogenous Pro and sugar were increased as compared with their respective controls. Our data are in agreement with those of Jha and Dubey (2005) and Anjum et al. (2016) . However, accumulations of these osmolytes were further increased by the application of DPI, EBL or Pro with As. At an increased level, endogenous Pro directly scavenges ˙OH radicals and lowers As accumulation, hence providing protection against As-toxicity. Likewise, enhanced sugar accrual may contribute to the osmotic balance in the cell, and provide sufficient storage reserves for faster recovery of plants under stressful conditions (Jha and Dubey 2005) .
Exposure to As not only leads to protein oxidation, but also to accrual of damaged/oxidized proteins. If not eliminated readily, such proteins may form large aggregates due to covalent cross-linking, that may lead to cell death (Karmous et al. 2014) . Both protease and proteasome are involved in the removal of such aggregated and damaged proteins from the cell (Jin et al. 2016 ). The results revealed that activities of both protease and proteasome increased in the presence of As more than in their respective controls, and this is well supported by the report of Jin et al. (2016) . Improved protease and proteasome could be the consequence of an increased need to remove oxidatively damaged proteins from the cell (Karmous et al. 2014) . Data from the current study showed that upon supplementation of DPI, EBL or Pro along with As protease and proteasome activity decreased, as they lowered the formation of protein oxidized products. To maintain ROS homeostasis, plants possess an enzymatic defense system, which includes SOD, CAT, APX, etc. (Yadu et al. 2017 ). Exposure to As caused a decline in the activities of the above enzymes in Glycine max L., which is consistent with the results of Kaur et al. (2012) . Hence, antioxidant system might not be properly stimulated to attain the desired regulation over ROS accumulation, which in turn contributes to greater oxidative stress in As-exposed Glycine max L. Further, DPI, EBL or Pro supplementation to As activates the antioxidant system, hence confirms their protective roles in mitigating As-induced deleterious impacts in Glycine max L. Similar change in the activities of antioxidant enzymes in relation to exogenous DPI, EBL or Pro into different abiotically stressed plants has previously been documented by Jiang and Zhang (2002) , Agami (2014) and Fariduddin et al. (2015) .
Exogenous application of DPI, EBL or Pro was effective in alleviating the detrimental effects to Glycine max L. of Asstress. The beneficial effects of DPI, EBL and Pro may be attributed to improvement in germination, growth, viability and antioxidant defense system to alleviate the ROS-induced membrane damage and increased lipid and protein oxidized products. Thus, exogenous application of DPI, EBL and Pro provides tolerance to As-stress in Glycine max L. Moreover, Pro performed better in reducing As-induced oxidative injury than DPI or EBL. The current approach could be useful in unravelling the mechanism(s) behind amelioration of As-induced oxidative injury in plants.
